ABSTRACT An anti-mixing cover is presented to restrain the generation of unsteady flow and back-flow phenomena in the separation chamber of a cyclone separator with reduced height. Structure of the antimixing cover is proposed based on the Barth balance orbit theory hypothesis. In order to clarify the effect of the anti-mixing cover on the separation efficiency of the cyclone, a numerical model was established by means of the Euler-Lagrange approach. The simulation results are in good agreement with the experimental data and several empirical formulas in the range of inlet air velocity 18 m/s∼23 m/s. As results, the antimixing cover effectively enlarged the centrifugal force acting on particles and reduced the vortex intensity at the bottom of the cyclone. Moreover, the rising dust-laden airflow is also blocked by the anti-mixing cover which leads to less back-mixing phenomena.
I. INTRODUCTION
Cyclone separator is a kind of facility that separates solid particles from airflow by centrifugal force using the theory Gas-solid two-phase flow [1] . Stairmand cyclone separator with high efficiency is widely used in particle dust removal in chemical, metallurgical, mining, environmental protection and other industrial fields [2] , due to its simple structure, convenient maintenance, high temperature and pressure resistance [3] .
In order to make the outer cochlear spin reach the bottom of the cone and rotate upward along the axis, and finally discharge through the escape-pipe, the value of its height H usually exceeds three times the diameter of the cylinder D [4] . The installation of the cyclone separator at the bottom of the cylinder will also increase the size of the axle, which is not suitable to be used as dust removal equipment in factories with narrow space, even it cannot be used as an improved equipment for future indoor air cleaners. After shortening
The associate editor coordinating the review of this manuscript and approving it for publication was Wu-Shiung Feng. the overall height of the equipment, the ''tail swing'' phenomenon will occur. The gas entering to the cyclone separator returns to the lower end of the cone of the cyclone separator [5] . The turning point of the axial velocity upward of the vortex will occur in the cyclone separator, which will cause the deposited particles to enter the inner swirl flow and discharged through the outlet, thus reducing the separation efficiency of the cyclone separator. Brar et al. [6] has studied the effect of the total length of Stairmand cyclone separator on the separation effect. The results show that the axial velocity distribution on an axial section of the cyclone separator is asymmetric. Obermair et al. [7] put forward the method of adding diversion cone at the entrance of the cyclone separator to reduce the effect of ''back mixing entrainment''. Although many scholars have conducted various experiments on the eddy current disturbance in the internal swirl zone of standard Stairmand cyclone separator, few study have been done on the Stairmand cyclone separator with reduced height, especially after adding anti-mixing cover in the cylinder [8] . When the overall height is shortened, the method of placing a diversion cone at the entrance of the collecting box will make the descending and returning airflow collide and mix, resulting in greater momentum loss and turbulent energy dissipation, which is not conducive to improve the separation efficiency of the cyclone separator [9] .
This article presents a numerical study method of adding an anti-mixing cover in the inner part of the cyclone separator after shortening the height. According to Barth equilibrium track theory hypothesis, the coverage diameter of anti-mixing cover is reasonably designed. The numerical model of the cyclone separator with an anti-mixing cover is established. The tangential and axial velocity of particles in the upper space of the anti-mixing cover is fully studied. The effect of the anti-mixing cover on the particle flow is clarified. Finally, the simulation results are verified with experiments.
II. NUMERICAL MODEL A. GOVERNING EQUATIONS AND FORCES
The gas-solid fluid flow in cyclone separator is an isotropic strong swirling flow [10] . In the simulation, gas is set as continuous phase and solid is set as discrete phase, without considering gas compression, phase mass and heat transfer [11] - [14] . When mass transfer is not considered, the force F dpm exerts on the particles is:
Drag force:
Gravity
Buoyancy
where, m p , ρ p , ρ c , C D , d p , v c , v p are particle mass, density, air density, drag coefficient, particle diameter, air velocity and particle velocity; Schiller Naumann [15] empirical model is selected for the drag coefficient simulation. This model is suitable for the viscous and transition zone of particles with very small Re, in other words, the boundary layer separation zone near the wall [16] .
B. EVALUATION PARAMETERS OF THE SEPARATOR
The performance of the cylone saparator is evaluated by two parameters: separation efficiency and pressure loss. There are many empirical models to predict the separation efficiency and pressure loss of cyclone separators. The classical Barth empirical model is [17] : 
FIGURE 1.
Geometry of the cyclone separator with an anti-mixing cover.
In (6-9), η is the separation efficiency, d 50 is the cutting diameter, Q is the gas flow rate, ν t is the tangential velocity of particles in the cyclone separator, ν 0 is the air velocity at the gas outlet, H is the total height of the cyclone separator, h is the height of the cylinder, S is the insertion depth of the exhaust cylinder, B is the inlet diameter of the dust collector, D e is the diameter of the exhaust cylinder, D is the diameter of the cylinder, b is the inlet width of the cyclone separator. λ is a correction factor for diameter if the cylinder, and α is a correlation factor for the inlet dimensions, which are obtained from experiment.
Peng et al. [18] improved Barth empirical model in (8) (9) by fitting the ''general curve equation'' proposed by Barth on the basis of experiments in (11) (12) , which is used in the present study. If all the particles are not captured in the cyclone separator tend to be completely back-mixing, the classification VOLUME 7, 2019 efficiency can be calculated by:
In (10) (11) (12) , ν in is the inlet air velocity; a is the inlet height of the separator; d c is the swirl diameter in the cyclone separator.
C. BOUNDARY CONDITIONS
Cyclone separator with volute structure with diameter D = 330 mm is selected as a numerical simulation object. The dimensions are shown in Table 1 .
A spiral-free surface and an anti-mixing cover are installed at the upper end of the cylinder, as shown in Fig. 1 . Fixed on the wall of the outlet cylinder through three connecting rods, the upper end is a section of the spherical interception part. The anti-mixing cover is made of a thin-walled material with thickness of 2 mm. The total mesh number of the simulation model is 798000 and the total number of nodes is 131559. Compared with the simulation results of 232740 summing up points and 1402000 meshes, the discrepancy between efficiency and pressure loss is less than 1%, which ensures the feasibility of the simulation results.
The tangential velocity of the inlet is ν in = 18 m/s. The inlet and outlet follow the principle of mass flow conservation, the external pressure is atmospheric, the gas temperature is T = 25 • , and the gas density is ρ g = 1.293 kg/m 3 . The wall is set as smooth. The parameters are calculated by standard wall function.
III. RESULTS AND DISCUSSION

A. THE CYCLONE WITH ANTI-MIXING COVER
According to the Barth efficiency equation, the cyclone separator d 50 = 3.03 µm after the total high H is shortened. In the present work, the parameters of medical talc powder of #325 were used. Q = 0.1622 m 3 /s, µ = 1.8 × 10 −5 pa·s,
The calculation results show that the Stairmand cyclone separator has higher separation efficiency because of its larger H as shown in Fig. 2(a) . Because the particle diameter is approximately normal distribution, it can be considered that the overall separation performance of the two separators is not significantly different. By scaling the structure of the dust collector with helical surface in equal proportion, the square De 2 ratio of the product of inlet height a and inlet width b and outlet diameter can be kept unchanged. The variation of separation efficiency and pressure loss is shown in Fig. 2(b) .
The general equation of the pressure loss is
Here, ξ is local resistance coefficient, which is determined by experiment. Pressure loss p hardly changes, and efficiency varies with inlet flow rate. It shows that the pressure loss calculation equation used in simulation is the same as that used in theoretical formula [19] .
B. DIAMETER INFLUENCE OF THE ANTI-MIXING COVER
A series of diameters of the anti-mixing cover D c in the cyclone separator with volute inlet are studied. The influence of the anti-mixing cover D c on the separation efficiency and pressure loss of the cyclone separator are shown in Fig. 2(c) .
With the increase of the diameter D f of the anti-mixing cover, the local pressure loss p inside the cylinder increases, and the separation efficiency first increases and then decreases. The diameter Dc of the anti-mixing cover is small enough to affect the flow field in the lower space effectively. When the diameter of the anti-mixing cone exceeds the diameter of the up-welling cyclone and increases gradually, the d c of the device partition size increases gradually, which weakens the separation efficiency.
C. AXIAL INSTALLATION POSITION INFLUENCE OF THE ANTI-MIXING COVER
The axial distance between the anti-mixing cover and the outlet plane significantly affects the pressure loss of the cyclone separator. Fig. 2(d) shows that when the distance between the anti-mixing cover structure and the lower plane of the exhaust cylinder is 0.1D, the separation efficiency η p is still 88%, and the maximum pressure loss is reduced by 18.8%.
D. VELOCITY ANALYSIS OF THE INTERNAL FLOW WITH THE ANTI-MIXING COVER
As shown in Fig. 3 , due to the instability of the swirl flow in the cyclone separator, the axial velocity in the axial section is not completely axisymmetric. The value points of X = 300 mm are at the top of the anti-mixing cover, and the value points of X = 400 mm are at the bottom of the antimixing cover.
The anti-mixing cover significantly reduces the axial velocity of the internal flow field. The installation position of the anti-mixing cover used in this simulation is K = 330 mm. In Fig. 3(b) , an inflection point of zero axial velocities appeared at the upper part of the cyclone separator with antimixing cover structure, which indicates that there is a reverse cyclone at this position (x = 200 mm, inside the exhaust pipe). The reverse cyclone means that the dusty airflow enters the wall of the exhaust cylinder and flows toward the center and passes through the axis. The measured velocity is 3.3 m/s. The axial velocity is vertical downward at this position. The maximum velocity is near the center line. The maximum value of abrupt axial velocity is at the lower end of the exhaust cylinder, and the axial velocity of the lower end of the antimixing cover is lower. The absolute value of the axial velocity is less than 3 m/s. The results show that the addition of the anti-mixing cover structure changes the distribution of the axial velocity in the upper and lower space.
The maximum axial velocity of each point on the axis of the cyclone separator without anti-mixing cover is at x = 255 mm, which is the center of the lower end surface of the exhaust cylinder. The absolute value of the axial velocity increases or decreases monotonously with the change of X coordinates.
The transverse axes of Fig. 3 (c) and (d) are coordinates of Y and Z axis of points on two intersecting lines, which shows that the velocities of the anti-mixing cover structure. The anti-mixing cover structure on yz plane are approximately asymmetrical distribution. The maximum axial velocities of non-mixing cover structure are higher than those of antimixing cover structure on the central axis, and the axial velocities of anti-mixing cover structure are lower than 2 m/s. Fig. 4 shows the calculated tangential velocity along the radial position of the plane airflow with and without installation of the anti-mixing cover. The tangential velocity distributions in the two separators are typical of the Rankine Vortex [20] .
When the anti-mixing cover is not installed, the tangential velocity values are not different. With the anti-mixing cover, the tangential velocity of the upper space x = 300 mm plane of the anti-mixing cover increase obviously, which indicates that the dust-laden airflow is more likely to be thrown down to the wall after entering from the entrance, which makes the separation efficiency of the separator improved. At the same time, the tangential velocity of the lower end of the anti-mixing cover decreases obviously, that is, the back mixing ability decreases.
In theory, most of the dust-laden airflow escapes through the outlet when it enters the cylinder, and the anti-mixing cover structure aggravates the escape degree of such particles. However, the particles with larger diameter can be easily collected into the dust-laden airflow on the wall due to the greater centrifugal force acting on the upper space of the antimixing cover.
The internal flow field distribution of the anti-mixing cover structure is shown in Fig. 5 , fine particles and air are discharged from the outlet by spiral updraft at the top of the anti-mixing cover. Compared with the separator without the anti-mixing cover, the track diameter of the other particles moving downward is larger. When the particles returned from the dust collecting box spirally rise on the central axis, they VOLUME 7, 2019 are blocked by the anti-mixing cover, and then converge into the falling particles flow on both sides and enter the dust collecting box. Finally, the separation efficiency of the cyclone separator is improved.
When the axial installation position of the anti-mixing cover is changed from K = 350 mm to K = 400 mm, the axial speed change of the cylinder can be obtained through numerical simulation analysis as shown in Fig. 6 . When the anti-mixing cover axial installation are K ≥ 380 mm and K ≤ 360 mm, the direction of the fluid in the exhaust cylinder is negative in the x-axis direction, that is, the vertically upwards through the exhaust cylinder. When the antimixing cover of the K = 370 mm is axially mounted a back-mixing phenomena appears at the lower center of the exhaust cylinder. The positive axial velocity, indicating the presence of a reverse cyclone, means that the dusty airflow enters the wall of the exhaust cylinder and flows toward the center and passes through the axis. Flowing toward the wall of the exhaust cylinder forms a closed loop airflow in the exhaust cylinder. This method is not conducive to the improvement of separation efficiency and should be avoided during structural design.
IV. EXPERIMENTAL VERIFICATION A. MATERIALS AND METHOD
The test sample is medical talc powder of #325, the molecular formula is 3MgO·4SiO 2 ·H 2 O, the molar mass is 379 g/mol, the density is 2700 kg/m 3 , and the mass is 500 g.
Cyclone separator efficiency and pressure loss test device are shown in Fig. 1 . The system adopts normal temperature and negative pressure operation. The tangential inlet air separator model is a 330 mm Stairmand separator with anti-mixing cover. The inlet and outlet air velocities are measured by a pilot tube. The fan is controlled by SIEMENS V20 frequency converter. The outlet sluice valve is responsible for auxiliary regulation. The total flow rate ranges from 895 to 1144 m 3 /h (the range of inlet velocity changes from 18 to 23 m/s), and the inlet particle concentration is 30 g/m 3 . The separation efficiency of the cyclone separator is calculated by a weighing method:
Here, m is the particle mass collected by the dust collector, kg; M is the particle mass added to the separator in the experiment, kg.
B. EXPERIMENTAL RESULTS
In Fig. 7 , the particles detected by the NKT6100-C laser particle size analyzer were weighed on an electronic balance. The results show that the total weight of the particles is 2.37 kg, 2.37 kg, 2.38 kg. The dust box and cyclone were weighed three times with an electronic scale. The HEPA highefficiency filter and wooden box are weighed at 26.40 kg, 26.41 kg and 26.41 kg respectively. The electronic scale showed that the mass are 4.23 kg, 4.24 kg, 4.26 kg; the frequency of the V20 inverter was adjusted to 33.5 Hz. When the host is placed at the center of the cyclone inlet, the speed can be read at the speed of the instrument. The average air velocity displayed on the instrument screen is v in = 18 m/s. After the experiment, the dust box and the cyclone were weighed again with the electronic scale. The scale shows 28.26 kg, 28.29 kg, 28.33 kg. The HEPA high-efficiency filter and the package weight are 4.41 kg, 4.42 kg, 4.42 kg.
It is calculated that the weight of the particles in the dust box obtained by the particle experiment is 1.88 kg, regardless of the adhesion or residual of the particles in the pipe. Therefore, the actual separation efficiency of the separator with the anti-mixing cover is η e = 79.3%. The total simulated separation efficiency of incident particles is η n = 82.69%, and the discrepancy between numerical simulation and experiments obtained as e = 1.37%. If the particle is attached to the pipe, the separation efficiency is calculated by the weight change of the HEPA high-efficiency filter and the packaged wooden box, which is η e = 91.9%. The result indicates that when 325 mesh talc is used for particle separation experiments, a large part of the particles adheres to the inner wall of the pipe.
V. CONCLUSION
An anti-mixing cover is proposed to restrain the generation of unsteady flow and back-mixing phenomena in in the separation chamber a cyclone separator. The internal flow field distribution, separation efficiency, pressure loss, axial and tangential velocity of the separator are studied when the antimixing cover structure is added. The simulation results are verified with experiments. The main results are as follows:
(1) The anti-mixing cover improves the separation efficiency of the cyclone separator, since this structure blocks the particle flow rising from the central axis, and collects the particles again in the settled airflow on both sides. When the diameter of anti-mixing cover D f is 0.5D ∼ 0.55D, the separation efficiency is the highest. With the increase of the inlet air velocity, the increase of the separation efficiency gradually decreases.
(2) The anti-mixing cover produces more 30% of pressure loss than that of without anti-mixing cover. The pressure loss increases as D f increases gradually.
(3) The anti-mixing cover structure significantly changes the velocity distribution of the flow field inside the cylinder. The tangential and axial velocities of space particles at the lower end of the anti-mixing cover decrease significantly, which weakens the back-mixing flow.
(4) The numerical simulation is verified by experiments. The discrepancy for the separation efficiency between the numerical simulation and experiments is e = 1.37%, which shows that, the proposed numerical simulation method can predict the effect of an anti-mixing cover on the separation performance of a cyclone separator. 
